Abstract.-Combined analysis of multiple phylogenetic data sets can reveal emergent character support that is not evident in separate analyses of individual data sets. Previous parsimony analyses have shown that this hidden support often accounts for a large percentage of the overall phylogenetic signal in cladistic studies. Here, reanalysis of a large comparative genomic data set for yeast (genus Saccharomyces) demonstrates that hidden support can be an important factor in maximum likelihood analyses of multiple data sets as well. Emergent signal in a concatenation of 106 genes was responsible for up to 64% of the likelihood support at a particular node (the difference in log likelihood scores between optimal topologies that included and excluded a supported clade). A grouping of four yeast species (S. cerevisiae, S. paradoxus, S. mikatae, and S. kudriavzevii) was robustly supported by combined analysis of all 106 genes, but separate analyses of individual genes suggested numerous conflicts. Forty-eight genes strictly contradicted S. cerevisiae + S. paradoxus + S. mikatae + S. kudriavzevii in separate analyses, but combined likelihood analyses that included up to 45 of the "wrong" data sets supported this group. Extensive hidden support also emerged in a combined likelihood analysis of 41 genes that each recovered the exact same topology in separate analyses of the individual genes. These results show that isolated analyses of individual data sets can mask congruence and distort interpretations of clade stability, even in strictly model-based phylogenetic methods. Consensus and supertree procedures that ignore hidden phylogenetic signals are, at best, incomplete. [Character partitions; combined analysis; hidden support; maximum likelihood; phylogenomics; yeast.]
In the electoral college system of the United States, each citizen is given a single vote in the presidential election. However, voters are partitioned by geographic region, and all-or-nothing electoral college points generally are awarded to majority winners in each state. Subsignals in the electorate (minority voters in each state) are ignored, and counterintuitive results can occur when voter preferences are not evenly distributed among states. For example, in the 2000 presidential election, a candidate who received the most popular votes at the national level was defeated. Indeed, with this system, a candidate could garner the lion's share of the popular vote and earn no electoral votes. Analogous outcomes are possible in a partitioned approach to systematics, in which sets of characters are analyzed separately and congruence among data sets is summarized by consensus (e.g., Mickevich, 1978; Miyamoto and Fitch, 1995) or supertree methods (e.g., Sanderson et al., 1998; BinindaEmonds et al., 2002) ; phylogenetic signals at a lower hierarchical level (characters) might be cloaked at a higher level (data sets).
These partitioning effects are side-stepped in a combined evidence approach, where characters are treated as the basic units of analysis, and all relevant data are parlayed into unified summaries of common support (Miyamoto, 1985; Kluge, 1989 Kluge, , 1997 Nixon and Carpenter, 1996) . When diverse data sets are concatenated and analyzed simultaneously, secondary phylogenetic signals that were not apparent in the separate analyses of individual data sets often materialize. These hidden supports and conflicts are due to contrasting patterns of homoplasy in different data sets (Barrett et al., 1991; Chippindale and Wiens, 1994; Olmstead and Sweere, 1994) .
Numerous factors could produce character incongruence that is not dispersed uniformly among and within character partitions. Biological examples include convergence through directional selection, introgression, developmental correlations, incomplete lineage sorting, gene conversion, differential rates of evolution among lineages, selective sweeps of linked nucleotides, undetected gene duplications, and mutational biases (Felsenstein, 1978; Goodman et al., 1979; Radding, 1982; Pamilo and Nei, 1988; Cronin, 1993; Naylor and Brown, 1998; McCracken et al., 1999; Whiting et al., 2003) . Within a probabilistic framework, the differential distribution of homoplasy among data sets also could be interpreted simply as the result of "sampling error." That is, given a limited number of characters in a particular data set, conflicts might not be evenly dispersed "by chance" . However, when several data sets, each with unique biases, are combined, common phylogenetic signals can accrue and incongruities that are not replicated in the majority of partitions might be nullified (Barrett et al., 1991) .
Hidden support has been defined as increased character support for a clade in combined analysis of multiple data sets relative to the sum of support for that clade in the separate analyses of the different partitions (Gatesy et al., 1999) . In the most obvious cases of hidden support, combined analysis yields relationships that are not supported by separate analyses of any of the individual data partitions (e.g., Gatesy and Arctander, 2000) . Conversely, hidden conflict can be defined as decreased character support for a clade in combined analysis relative to the sum of support for that clade in the separate analyses of different partitions. In the most obvious cases of hidden conflict, a clade that is supported by all separate analyses of individual data sets is not supported by combined analysis of all partitions (e.g., Chippindale and Wiens, 1994) . Gatesy et al. (1999) Donoghue et al., 1992) . In this general parsimony framework, hidden branch support is defined simply as the difference between branch support for a clade in a combined analysis of all data sets and the sum of branch support scores, positive or negative, in separate analyses of the individual data sets. The hidden support for a clade that is due to a particular data set is the partitioned branch support for that data set in combined analysis (see Baker and DeSalle, 1997) , minus the branch support score in the separate analysis of the data set. For these indices, positive scores indicate hidden character support, and negative scores suggest hidden character conflict (see Gatesy et al., 1999) . Lee and Hugall (2003) defined analogous measures of character support within a strictly model-based approach. They described likelihood support for a particular clade as the difference in log likelihood scores between optimal topologies that included and excluded that clade, and showed that partitioned likelihood support could be used to summarize the contributions of different data sets to likelihood support at a node in a combined analysis of several data sets (Lee and Hugall, 2003) . By logical extension, hidden likelihood support for a clade supported by a combined analysis of multiple data sets would be the likelihood support for that clade in combined analysis, minus the sum of likelihood support scores, positive or negative, in separate analyses of the individual data sets. The hidden likelihood support for a clade that is due to a particular data set is simply the partitioned likelihood support for the data set in combined analysis, minus the likelihood support score in the separate analysis of that data set. Again, positive scores would indicate hidden character support, and negative scores would suggest hidden character conflict. Lee and Hugall (2003) noted that hidden support might be evident in their simultaneous maximum likelihood (ML) analysis of four genes from cetartiodactyl mammals, but could not confirm this because branch lengths for different genes were not optimized identically in both separate and combined analyses.
Empirical studies have shown that hidden support often accounts for a large percentage of the total branch support in combined parsimony analyses of multiple data sets, (Chippindale and Wiens, 1994; Olmstead and Sweere, 1994; Gatesy et al., 1996 Gatesy et al., , 1999 Gatesy et al., , 2003 Sullivan, 1996; Brower and Egan, 1997; Miller et al., 1997; Gatesy and Arctander, 2000; Cognato and Vogler, 2001; Wheeler et al., 2001; Baker and Gatesy, 2002; Gatesy, 2002; O'Grady et al., 2002; Damgaard and Cognato, 2003; Lambkin, 2004) . It might be expected, however, that hidden support is less influential in ML analyses where different stochastic models are used to offset heterogeneities among character partitions (Huelsenbeck and Bull, 1996; Stranger-Hall and Cunningham, 1998; Jamieson et al., 2002) . Here, we execute combined analyses of genomic data for Saccharomyces yeast (Rokas et al., 2003) to show that emergent support can be substantial when commonly utilized ML routines are implemented (i.e., ModelTest-Posada and Crandall, 1998 and PAUP * -Swofford, 1998). Subdivisions of the 106-gene data set for yeast reveal striking patterns of hidden support and conflict that are due to interactions among partitions in a strictly model-based approach. These emergent signals profoundly alter interpretations of support and conflict among data sets.
MATERIALS AND METHODS
Data Genome sequences from a variety of fungi have been published (e.g., Kellis et al., 2003) . Rokas et al. (2003) recently utilized these data to compile a large combined systematic matrix of 106 genes from seven species of yeast (Saccharomyces cerevisiae, S. paradoxus, S. mikatae, S. kudriavzevii, S. bayanus, S. castellii, and S. kluyveri) and an outgroup, Candida albicans. Here, we accepted hypotheses of gene orthology based on synteny from Rokas et al. (2003) and employed the multiple sequence alignments of these authors in all of our analyses. The concatenated matrix consisted of 127,026 nucleotide sites.
Stochastic Models
Models of nucleotide substitution were chosen as in Rokas et al. (2003) . For each of the 106 genes in the concatenated alignment, optimal models, from a selection of 56, were determined using PAUP* 4.0b10 (Swofford et al., 1998) and likelihood ratio tests (Goldman, 1993) implemented in ModelTest 3.06 (Posada and Crandall, 1998) . In most combined analyses of multiple genes, a different best-fitting model was utilized for each gene to account, at least in part, for gene-specific evolutionary properties, and unique branch (edge) lengths were allowed for each gene (e.g., Cao et al., 1994) . Two alternative ML frameworks also were explored: (1) A single, best-fitting model was applied to the entire combined matrix, with a single set of branch lengths for all 106 genes as in Rokas et al. (2003) ; (2) A single best-fitting model for the combined matrix was employed, but different branch lengths were permitted for each gene. Preferences for competing ML frameworks were based on the Akaike information criterion (AIC; Akaike, 1974; Hasegawa et al., 1990) .
Phylogenetic Analyses
All analyses of individual genes were done in PAUP * 4.0b10 (Swofford, 1998) . Maximum likelihood searches utilized gene-specific model parameters and were exhaustive or branch and bound (Hendy and Penny, 1982) . Bootstrap analyses (Felsenstein, 1985) included 250 replicates with heuristic searches (taxon addition "as is" and tree bisection reconnection branch swapping). In the individual analyses, the "constraints" command in PAUP * was used to calculate likelihood support, positive or negative, for particular clades (see Lee and Hugall, 2003) .
In order to calculate the ML topology for the combined matrix using gene-specific models, PAUP * and a spreadsheet (Microsoft Excel) were used to sum log likelihood scores of the 106 genes. For each gene and gene-specific model, natural log likelihood scores of all possible 10,395 bifurcating topologies were determined using PAUP * ; branch lengths were free to vary for each individual gene.
GATESY AND BAKER-HIDDEN LIKELIHOOD SUPPORT IN GENOMIC DATA 485
The log likelihood scores for each gene were pasted into the spreadsheet, and for each possible topology, the log likelihoods for all 106 genes were summed. This procedure yielded a combined likelihood value for each of the 10,395 topologies that accounted for gene-specific substitution parameters and branch lengths (e.g., Cao et al., 1994) . The trees were then sorted in the spreadsheet according to the combined likelihood scores. The topology with the highest log likelihood represented the optimal topology that allowed different substitution parameters and branch lengths for each of the 106 genes.
Likelihood Support in Combined Analysis PAUP * and the spreadsheet were used to calculate likelihood support at each of the five nodes favored by the 106 gene data set. Visual inspection of suboptimal trees from the combined analysis revealed the best likelihood topologies that lacked particular supported clades. The ML topology and all topologies that lacked particular supported clades (five topologies in total) were used to calculate the likelihood support for each clade favored by the combined data set. At each supported node, partitioned likelihood support scores for the 106 genes also were determined. For each gene and each supported clade, the log likelihood for the optimal combined data topology that lacked the clade of interest was subtracted from the log likelihood for the optimal combined data tree (see Lee and Hugall, 2003; Jamieson et al., 2002) .
Hidden likelihood support at each supported node was calculated by subtracting the sum of likelihood support scores for the 106 genes in separate analyses (see above) from the likelihood support for the combination of all 106 genes. The contribution of individual genes to the total hidden support score at a node also was determined by subtracting, for each gene, the likelihood support score for that gene in separate analysis from the partitioned likelihood support score for the gene in the combined analysis of all 106 genes.
To illustrate the different effects of hidden support and conflict in ML calculations, the total combined data set was partitioned into two smaller subsets of genes. The first subset included 45 genes that strictly conflicted with a clade supported by the combined ML analysis of all 106 genes (the grouping of S. cerevisiae, S. paradoxus, S. mikatae, and S. kudriavzevii). The second subset included the 41 genes that, in separate analyses, strictly supported the topology favored by combined analysis of all 106 genes. Likelihood support, partitioned likelihood support, and hidden likelihood support were determined according to the procedures described above.
Parsimony Support Scores
Branch support, partitioned branch support, and hidden branch support for the 106-gene matrix were calculated for comparison to the analogous ML measures. Parsimony analyses in PAUP * were branch and bound with all character transformations weighted equally. The "constraints" command in PAUP * was used to determine length differences between minimum length topologies and trees that lacked/contained the clades of interest (Baker and DeSalle, 1997; Gatesy et al., 1999) .
RESULTS AND DISCUSSION
Stochastic Models We utilized procedures for model choice that have been implemented commonly in the recent systematics literature (e.g., Posada and Crandall, 1998; Pupko et al., 2002) . Best-fitting models for the 106 genes were identical to those reported by Rokas et al. (2003) . Base composition, transition/transversion ratios, variability in rates among sites, and the percentage of invariant positions showed wide ranges of values in the various gene-specific models (Appendix 1; available at the Society of Systematic Biologists Website, http://systematicbiology.org). Furthermore, estimated branch lengths differed radically among genes. Because of these discrepancies, the combined ML analysis that allowed unique substitution parameters and branch lengths for each of the 106 genes (>2,000 parameters; maximum log likelihood = −676,750.042) was favored over simpler models (one substitution model/one set of branch lengths = −683,277.766; one substitution model/unique branch lengths for each gene = −678,649.197) according to AIC. The preferred multiplemodel analysis identified a single optimal topology, and likelihood support scores for all nodes were high, ranging from +1309.065 to +253.800 (Fig. 1) . The same tree was supported robustly by the simpler ML models utilized here, by parsimony, and by the previous phylogenetic analyses of the yeast data set (Rokas et al., 2003; Phillips et al., 2004) .
Hidden Signals in the Combined ML Analysis
In the multiple-model combined analysis, hidden conflicts (negative hidden likelihood support scores) were observed at all supported nodes (Fig. 1 ). For example, 32 genes expressed emergent incongruities at node 1 (S. cerevisiae + S. paradoxus), and seven genes that favored node 1 in individual analyses had negative partitioned likelihood support scores in combined analysis. Node 4 (S. cerevisiae + S. paradoxus + S. mikatae + S. kudriavzevii + S. bayanus) also showed slightly more incongruence among genes in combined analysis relative to separate analyses, but overall, such hidden conflicts were swamped by the overwhelming hidden support that sprung from the combined analysis (Fig. 1) .
Specifically, hidden likelihood support was positive at all five nodes in the optimal topology and accounted for a large percentage of the total character support in combined analysis. From 12% to 64% of the likelihood support at particular nodes was shrouded in the separate analyses of individual genes but emerged in the concatenated analysis (Fig. 1) ; ∼80% of the genes provided more hidden support than hidden conflict. For the combined parsimony analysis of the yeast data, the percentage of hidden branch support to total branch support also was substantial (from 9% to 56% at particular nodes; Fig. 1 ).
SYSTEMATIC BIOLOGY
VOL. 54 FIGURE 1. The optimal topology for seven species of Saccharomyces and the outgroup, Candida albicans. For each of the five supported nodes, partitioned likelihood support in combined analysis (PLS), likelihood support (LS) in separate analysis, and partitioned hidden likelihood support (HLS) were calculated for each of the 106 genes. Positive support scores are colored green, negative scores are pink, and scores of zero are yellow (HLS scores greater than 5 are marked by asterisks, and circled asterisks indicate scores less than −5). LS scores for the five supported nodes in the combined ML analysis of 106 genes were as follows: node 1 = 1024.609, node 2 = 586.350, node 3 = 253.800, node 4 = 1309.065, node 5 = 318.870. The percentage of the total LS in combined analysis that was due to HLS is indicated at the bottom of each node (%). For the parsimony analysis of the yeast data, the percentage of hidden branch support to total branch support also was substantial (node 1 = 34%, node 2 = 34%, node 3 = 56%, node 4 = 9%, node 5 = 18%).
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In separate ML analyses, many individual genes disagreed with the tree favored by combined analysis, but hidden support offset much of this conflict, and the partitioned likelihood support scores illustrated this effect. For example, at node 5 (S. cerevisiae + S. paradoxus + S. mikatae + S. kudriavzevii + S. bayanus + S. castellii), 41 genes had negative likelihood support scores in separate analyses. In the combined tree, however, 59% of the genes contributed hidden support, and 12 of the 41 genes that conflicted in separate analyses had positive partitioned likelihood support scores (Fig. 1) . Node 2 (S. cerevisiae + S. paradoxus + S. mikatae) and node 3 (S. cerevisiae + S. paradoxus + S. mikatae + S. kudriavzevii) also showed less conflict among genes in combined analysis relative to separate analyses (Fig. 1) .
Forty-Five Wrongs Make a Right?
Many genes that gave "wrong" answers in separate ML analyses gave the "right" answer when combined with other "wrong" genes. For example, node 3 (S. cerevisiae + S. paradoxus + S. mikatae + S. kudriavzevii) was supported primarily by secondary phylogenetic signals. Sixty-four percent of the likelihood support was emergent (likelihood support = +253.800; hidden likelihood support = +163.623), and 77 genes contributed hidden support (Fig. 1) . Exploratory analyses of the 48 genes that contradicted node 3 in separate analyses revealed striking patterns of cryptic support; 45 of the "wrong" genes ( Fig. 2) contained a substantial reservoir of hidden signal (Fig. 3) . The conflicting clade, S. kudriavzevii + S. bayanus, was replicated 28 times in the separate analyses of these 45 genes. The probability of independently recovering a group this many times "by chance" might seem remote (Penny and Hendy, 1986; Miyamoto and Fitch, 1995; Chen et al., 2003) , and 13 of the bootstrap scores for S. kudriavzevii + S. bayanus were greater than 70% ( Fig. 2; Table 1 ), a level that often has been equated with accuracy (see Hillis and Bull, 1993) . Naively, examination of the 45 contrary genes could have led to the conclusion that these genes strongly disputed the robust support for node 3 in the remaining 61 genes, but when the 45 "wrong" genes were concatenated and analyzed in a multiple-model ML analysis, the "right" node 3 was resolved. Hidden support emanated from 41 of the 45 genes, and 16 of the conflicting genes showed positive partitioned likelihood support for node 3 (Fig. 3) .
By contrast, character support for S. kudriavzevii + S. bayanus, a clade independently corroborated by 28 genes (Fig. 2) , was overturned by the interaction of homoplastic signals in the unified analysis of 45 genes (Fig. 3) . Remarkably, nine data sets that strictly supported S. kudriavzevii + S. bayanus in separate ML analyses can be combined to yield the total evidence tree that contradicts S. kudriavzevii + S. bayanus (Fig. 4) . This is a striking empirical example of hidden conflict.
Forty-One Rights Are Even More Right in Combination?
In the above example, 45 genes that strictly contradicted a clade in separate analyses supported that clade in combined analysis, but topological conflicts are not a prerequisite for the manifestation of hidden support. When analyzed individually, 41 of the yeast genes yielded the exact same topology as the ML analysis of all 106 genes (Fig. 1) . In combination, these 41 "right" genes expressed surprising synergistic relationships; much of the likelihood support at particular nodes was emergent (node 1 = 36%, node 2 = 27%, node 3 = 16%, node 4 = 19%, and node 5 = 4%), and 40 of the 41 genes yielded hidden support (given complete topological congruence among data sets, hidden conflict is impossible). Homoplastic signals in the 41 topologically congruent genes were incongruent with each other. 
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GATESY AND BAKER-HIDDEN LIKELIHOOD SUPPORT IN GENOMIC DATA 489 FIGURE 3. Support scores for 45 genes on the optimal topology favored by combined ML analysis of these genes. None of the genes supported node 3 (S. cerevisiae + S. paradoxus + S. mikatae + S. kudriavzevii) in separate ML analyses (Fig. 2) , but in combined analysis of the 45 genes, node 3 was favored. For each gene, partitioned likelihood support in combined analysis (PLS), likelihood support (LS) in separate analysis, and partitioned hidden likelihood support (HLS) are shown at node 3. Positive scores are colored green, negative scores are pink, and scores of zero are yellow. The total of the PLS scores for the 45 genes is the LS for node 3 in the combined analysis, and the sum of the partitioned HLS scores for the 45 genes is the total HLS at node 3. The percentage of the total LS in combined analysis that was due to HLS is indicated (% Total). YDL126C (gene 18) strongly supported node 1 (S. cerevisiae + S. paradoxus) in separate analyses (likelihood support = +4.884 and +13.254; bootstrap support = 91% and 95%), but for these genes, the best topologies that lacked node 1 were inconsistent with each other. Furthermore, these "collapse points" differed from the collapse point for node 1 in the combined analysis of 41 genes. Discrepant patterns of homoplasy in different genes translated to high hidden likelihood support scores for gene 1 (+14.398) and gene 18 (+26.864). By pooling all of the homoplasy, particular gene-specific character conflicts were dispersed (Barrett et al., 1991) , and the end result was bolstered support for the combined data topology (Fig. 1) . Even when there was complete topological congruence among individual gene trees and heterogeneities in nucleotide substitution patterns were tempered by >2000 unique model parameters, substantial common character support emerged in combined analysis.
CONCLUSION
Dramatic hidden support has been documented in several combined parsimony analyses (Chippindale and Wiens, 1994; Olmstead and Sweere, 1994; Gatesy et al., 1996 Gatesy et al., , 1999 Gatesy et al., , 2003 Sullivan, 1996; Brower and Egan, 1997; Miller et al., 1997; Gatesy and Arctander, 2000; Cognato and Vogler, 2001; Wheeler et al., 2001; Baker and Gatesy, 2002; Gatesy, 2002; O'Grady et al., 2002; Damgaard and Cognato, 2003; Lambkin, 2004) but has not been quantified previously using ML methods. Emergent signals in phylogenetic analysis are caused by contrasting patterns of incongruence among data sets, and it is possible that such conflicts could be accommodated by partitionspecific model parameters (e.g., Huelsenbeck and Bull, 1996; Stranger-Hall and Cunningham, 1998; Jamieson et al., 2002) . Consequently, a mixed-model approach might be expected to disperse homoplasy and minimize the relevance of hidden support and conflict in comprehensive ML studies. Combined analyses of the 106-gene matrix for yeast, however, showed that emergent phylogenetic signals can be extensive in a strictly model-based approach. The amount of hidden support was comparable in ML and parsimony analyses (Fig. 1) .
Numerous authors have suggested that separate analyses of individual character sets are critical because, unlike combined phylogenetic analysis, these partitioned 491 searches summarize the distribution of support and conflict among data sets (e.g., de Queiroz et al., 1995; Miyamoto and Fitch, 1995; Slowinski and Lawson, 2002; Chen et al., 2003; DeBry, 2003) . This stance denies the importance of hidden support in assessing agreements and disagreements among data sets. Corroboration among separate analyses of individual data sets (Figs. 2 and 4) could be a seductive phylogenetic mirage that evaporates in combined analysis (Figs. 3 and 4) , conflicts in separate analyses might be reduced in combination (Fig.  1) , and even complete topological congruence among partitions does not guarantee that all common character support has been identified (see "Forty-One Rights Are Even More Right in Combination?").
Because systematic data sets are finite and evolutionary processes are not necessarily stochastic (Siddall and Kluge, 1997) , we contend that, in any empirical case, it is unlikely that incongruence will be evenly distributed within and among data partitions. By isolating character sets, a bonanza of hidden support might go unnoticed and interpretations of conflict and support among data sets could be distorted, whether a parsimony or ML framework is implemented. Therefore, heuristic exploration of data sets should include both separate and combined phylogenetic analyses.
